Abstract: Intermittent operation can improve the coefficient of performance (COP) of a ground source heat pump (GSHP) system. In this paper, an analytical solution to analyze the geo-temperature restoration performance under intermittent operation of borehole heat exchanger (BHE) fields is established. For this purpose, the moving finite line source model is combined with the g-function and the superposition principle. The model takes into account the heat transfer along the borehole, thermal interference between BHEs, and the influence of groundwater flow. The accuracy of the model is validated through comparison with an experiment carried out under intermittent operation. The model makes it possible to analyze the geo-temperature restoration performance and its influencing factors, such as BHE spacing, heat flow rate, operation mode, and groundwater flow. The main conclusions of this work are as follows. The heat transfer along the borehole should be considered when analyzing the geo-temperature restoration performance. When the BHE spacing increases, the soil temperature change decreases and the heat recovery improves. Therefore, adequate borehole separation distance is essential in the case of a multiple BHE system with unbalanced load. The presence of groundwater flow is associated with interference between the BHEs, which should not be ignored. In the case of long-term operation, the groundwater flow is beneficial to the geo-temperature recovery process, even for downstream BHEs. Finally, a greater groundwater flux leads to a better geo-temperature recovery.
Introduction
The use of geothermal energy in space conditioning of buildings has increased rapidly during the past several decades. This is achieved through the utilization of ground source heat pumps (GSHP). Compared to conventional air conditioning systems, GSHP can offer higher energy efficiency for air-conditioning [1] [2] [3] [4] , as they provide lower temperatures for cooling, higher temperatures for heating, and smaller temperature fluctuations than the ambient air temperature changes. Because of these advantages, more and more underground projects use GSHP. However, the load in the underground projects is usually unbalanced, especially in southern China where the cooling load is much greater than the heating load. This imbalance reduces the geothermal potential of the heat sink associated with the heat pump units [5, 6] . This causes a decrease of the GSHP efficiency, and can eventually lead to a halt [7, 8] . In this connection, the ASHRAE manual [9] was the first to discuss the advantages of a hybrid ground source heat pump (HGSHP) system, which uses a cooling tower as a supplemental heat rejecter. Significant research has been done by now on the application of HGSHP systems [10, 11] . While promising, these systems are characterized by an increased complexity when running and maintaining GSHP [12] . Also, in some underground projects with special purposes, cooling towers are not recommended. Studies show that intermittent operation of the GSHP can reduce the heat accumulation in the vicinity of BHEs [13] , which can improve to some degree the coefficient of performance (COP) of the pump. Therefore, more sophisticated models are required to predict the temperature changes under intermittent operation, so as to assure reasonable operation of the heat pump, and to avoid low performance due to heat transfer attenuation.
Over the years, many models have been developed for analyzing heat transfer in and around boreholes. This has been done using analytical, numerical, and hybrid methods. Classic analytical solutions include the line and cylindrical source models [14, 15] , which can provide results rather quickly. With the advent of computer science, numerical models have been rapidly developed, such as those based on finite difference, finite volume, and finite element methods [16, 17] . The numerical models provide accurate solutions, but compared with the analytical methods, are of limited flexibility and time-consuming. Therefore, at present numerical models are rarely incorporated into simulation programs alone. The need to achieve both high precision and computational speed has led to hybrid models, a feasible alternative [18] . Such models are used to calculate special temperature response functions, which are then incorporated as databases into the simulation software. This type of software includes TRNSYS, Energy Plus, and GLEHEPRO [19] .
In order to investigate the intermittent operation performance of a GSHP system, Cui et al. [20] developed a finite element numerical model for the GHEs in alternative operation modes. They found that the discontinuous operation mode and the alternative cooling/heating modes can effectively alleviate heat accumulation in the soil around BHEs, thus improving the performance of the system. Gao et al. [21] made a comparison of the energy efficiency in the case of a continuous operation versus intermittent control systems. Several factors were taken into account, such as thermal inertia, temperature levels, and lag time, in order to observe how they affect the efficiency. Shang et al. [22] presented a three-dimensional model to study influencing factors during the soil temperature recovery period, such as thermal conductivity, porosity, backfill material, air temperature, solar radiation, and wind velocity. The results reported by these authors show that the soil properties have a great impact on the heat recovery process. Signorelli [23] used 3D numerical models to study the sustainability of single and multi-BHE fields. It was shown that for a single BHE field, the temperature change at 50-m depth and at a distance of 0.1 m from the BHE was smaller than 0.1 K, after a 24-year recovery period. The recovery period increases to 70 years for a multi-BHE field, with array spacing of 7.5 m. Lazzari et al. [24] investigated the long-term performance of both single-and multi-BHE fields, with a periodic heat load in a conduction-dominated heat transfer system. They concluded that an almost complete heat load compensation is needed in the case of an infinite square BHE field, even when the spacing between the individual BHEs is large (14 m). A similar study of under groundwater flow was carried out by Zanchini et al. [25] . These authors point out that the performance of a BHE field becomes more sustainable when the Peclet number increases. Dehkordi and Schincariol [26] used a fully discretized finite-element model to study the thermal recovery realized 25 years after the decommissioning of a geothermal heat pump system. It was found that groundwater flow is the most important factor in the process of thermal recovery, while the impact of thermal conductivity is relatively minor.
The main objective of this paper was to obtain an analytical solution to be used in the analysis of the performance of an intermittently operating BHE field, in terms of geo-temperature restoration, and with the consideration of the groundwater flow. This solution is obtained by combining the moving finite line source model with a g-function, while observing the superposition principle. The model takes into account the heat transfer along boreholes, thermal interference between BHEs, and the effect of groundwater flow. The model was validated through a comparison with an experiment that was carried out under the conditions of intermittent operation. By studying five years' intermittent operation under heating mode, which involves four months in active mode and eight months idle in a year, the geo-temperature restoration performance and the factors influencing geo-temperature recovery in the BHE fields was analyzed by the model. This paper provides a reference for the rational utilization in underground projects of intermittently operating GSHP systems.
Modeling
According to the geothermal literature, the existing infinite line source model and cylindrical heat source models, applied with a constant heat load, may provide a satisfactory estimate of the temperature change in the vicinity of the BHEs during GSHP operation. However, it is still difficult to analyze the geo-temperature recovery process, due to discontinuous operation. In addition, studies show that the two methods may not be appropriate in all cases, because of the following three phenomena [27] : (1) the axial effect, which is very small for short and medium time scales, but should not be ignored for long-term operations; (2) thermal interference between boreholes where more than one borehole is used [28] ; and (3) groundwater flow, particularly when Darcy's velocity is larger than 10 e´8 m/s [29, 30] .
Molina-Giraldo et al. [31] calculated the flowing analytical solution for a moving finite line source model:
where
Furthermore, in Equation (1), q l is the heat flow rate per unit length, α is the thermal diffusivity of porous media, λ is the conductivity, ρc is the volumetric heat capacity of the bulk porous medium, v T is the effective heat transport velocity, ε is the soil porosity, u is the groundwater flux, H is the borehole length, r " b px´x i q 2`p y´y i q 2 is the distance between the borehole and the point for which the calculations are carried out, px, y, zq denotes the location of that point (at depth z), px i , y i q marks the coordinates of the borehole, and the subscripts s and w denote soil and water, respectively. The g-function of a single or multiple BHEs under the conditions of a step heat flow is as follows [32, 33] :
During the periodic operation of the GSHP system, we assume that the cycle time is τ c , the running time is τ 1 , and the geo-temperature restoration time after the operation stops is then τ c´τ1 . Therefore, the geo-temperature change in the vicinity of a BHE under periodic load is as follows [34] :
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Since the conduction equation is linear, the geo-temperature change in the case of multiple boreholes can be calculated by superimposing the temperature changes caused by the individual boreholes. Therefore, under the conditions of an intermittent operation, the temperature change in the subsurface surrounding a borehole system consisting of n boreholes can be expressed as:
αt qs
In Equation (4) above, i is the number of boreholes, m is the number of cycles, and q j is the heat flow rate per unit length of borehole i.
Model Validation
During the operation of BHEs, the soil temperature change in their fields is small and slow. It is difficult to test the soil temperature change at a certain distance from the borehole. Therefore, in order to verify the accuracy of the model, we combine the heat transfer models inside and outside of the borehole to calculate the outlet of circulating water temperature change under certain operating conditions. The proposed model can be validated through comparison of the calculated results with the experimental outlet circulating water.
Heat Transfer Model inside the Boreholes
Zeng et al. [35] proposed a quasi-three-dimensional model, which takes into account the fluid axial convective heat transfer and the thermal "short-circuiting" among the U-tube legs. In addition, the conduction in the grout and ground is neglected in the axial direction, in order to simplify the model. The analytical solution for this model is as follows [35] :
where T b denotes the temperature of the borehole wall, T in and T out are the temperatures of the circulating water at the inlet and outlet, H is the borehole length, m is the mass flow rate of the circulating water, and c is the specific heat. Furthermore, R 11 and R 22 in Equation (5) are the values of the thermal resistance between the circulating water and the borehole wall, and R 12 is the resistance between two individual pipes, as shown in Figure 1 . They can be expressed as:
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where r i denotes the inner radius of the pipe, r o is the outer radius of the pipe, r b is the radius of the borehole, D is the spacing of U-tube shanks, and λ g , λ p , and λ s denote the conductivity of the grout, pipe, and soil, respectively. 
where i r denotes the inner radius of the pipe, o r is the outer radius of the pipe, b r is the radius of the borehole, D is the spacing of U-tube shanks, and g λ , p λ , and s λ denote the conductivity of the grout, pipe, and soil, respectively. Also, in Equation (6) above, i h denotes the convective heat transfer coefficient of the circulating water, which can be calculated as follows [36] :
where Re denotes the Reynolds number of the circulating water, and Pr is the Prandtl number.
Experiment and Validation
In order to validate the accuracy of the model, an in situ test was done in Nanjing, China. The test system consisted of circulating heated water in a closed loop, a pump, BHEs, PT100 temperature sensors, a magnetic flow gauge, and other auxiliary devices. All sensors and the magnetic flow gauge were connected to a data acquisition system. The measurements were recorded every minute. The accuracy was calibrated before the experiment for all devices. The experiment was carried out with one BHE. During the test, the electric heater worked continuously for 16 h continuously. The water continued circulating inside the pipe for 12 h after the heating was stopped. The inlet and outlet water temperatures were recorded by the data acquisition system. The diagram of the system is shown in Figure 2 . The parameters of the soil and the buried pipe are shown in Table 1 . Also, in Equation (6) above, h i denotes the convective heat transfer coefficient of the circulating water, which can be calculated as follows [36] :
In order to validate the accuracy of the model, an in situ test was done in Nanjing, China. The test system consisted of circulating heated water in a closed loop, a pump, BHEs, PT100 temperature sensors, a magnetic flow gauge, and other auxiliary devices. All sensors and the magnetic flow gauge were connected to a data acquisition system. The measurements were recorded every minute. The accuracy was calibrated before the experiment for all devices. The experiment was carried out with one BHE. During the test, the electric heater worked continuously for 16 h continuously. The water continued circulating inside the pipe for 12 h after the heating was stopped. The inlet and outlet water temperatures were recorded by the data acquisition system. The diagram of the system is shown in Figure 2 . The parameters of the soil and the buried pipe are shown in Table 1 . Since it was unclear if there was groundwater flow in the experimental area, and what its flux was, that flux was set to 0 m¨s´1 when we calculated the temperature change of the circulating water at the outlet. The comparison of the calculated values with the experimental results is shown in Figure 3 . There is good agreement between the two sets, which validates the model and confirms that it can be used with confidence in further research. Compared to the calculated values, the experimental measurements reach near-steady state more quickly. This may be due to the groundwater flow, which promotes the heat exchange of the BHE and accelerates the heat diffusion downstream. In addition, the groundwater flow leads to a faster recovery of the geo-temperature.
In order to verify the accuracy of the model in predicting the long-term operation and restoration process, the model was also validated with the numerical model presented by Ozudogru et al. [37] . A test was performed in a borehole with a single loop, by applying a constant heat rate of 50 W¨m´1 for the duration of 100 h. After loading, the temperatures were recorded for a recovery period of 150 h. The ground surface was kept at a constant temperature, equal to the undisturbed temperature, in both the model presented here and the numerical model from the literature. The input parameters used in our model and numerical analysis were the same as those in the literature. 
Results and Discussion
In order to evaluate the geo-temperature restoration performance, the geo-temperature recovery rate can be defined as:
where all parameters characterize the soil-t0 is the initial temperature, t is the temperature after the GSHP stops, t′ is the temperature after recovery, t Δ is the temperature change after the GSHP stops, and Δt′ is the temperature change after recovery.
Soil Temperature Recovery at Different Depths of the BHE
Calculations in heating mode were carried out in order to evaluate the geo-temperature recovery characteristics at different depths along the borehole. For this purpose, a single BHE was 
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where all parameters characterize the soil-t 0 is the initial temperature, t is the temperature after the GSHP stops, t 1 is the temperature after recovery, ∆t is the temperature change after the GSHP stops, and ∆t 1 is the temperature change after recovery.
Soil Temperature Recovery at Different Depths of the BHE
Calculations in heating mode were carried out in order to evaluate the geo-temperature recovery characteristics at different depths along the borehole. For this purpose, a single BHE was considered during five years of intermittent operation, which involved each year a sequence of four months in active mode and eight months in idle mode. The parameters of the soil and the BHE are shown in Table 1 . The groundwater flux was set at 0 m/s, i.e., the groundwater flow was ignored. Figure 5 shows the temperature changes around the borehole wall at depths of 0.25, 0.5, 0.75, 50, and 99 m. The figure shows that the geo-temperature changes are smaller at the two ends of the BHE, compared to temperature changes in the middle (at depth of 50 m), when considering the heat transfer along the borehole axis. For example, in the first cycle, when t = 120 d, the maximum temperature changes are 4.604, 6.194, 6.884, 10.11, and 8.842˝C at the five depths, respectively. The geo-temperature restoration rate has the opposite trend. For example, at the end of the cycle, for t = 360 days, the recovery rates are 0.9975, 0.9960, 0.9950, 0.9547, and 0.9715 at the five depths, the minimum being observed at a depth of 50 m. It can also be shown that, while the operation cycle is in progress, the maximum soil temperature change increases gradually, while the growth rate decreases. In that case the soil temperature recovery rate also decreases, with values of 0.9960, 0.9939, 0.9917, 0.9103, and 0.9431 at the end of the fifth operation cycle. Figure 6 shows the geo-temperature changes at different distances from the BHE, r = 0.06, 0.1, 0.5, 1, 2, and 4 m, for the same depth z = 50 m.The initial and boundary conditions are the same as those in Section 4.1. From Figure 6 it can be seen that, the closer to the borehole wall, the greater the amplitude variation of the soil temperature change, and the faster the soil temperature recovery. For example, at a distance of r = 0.06 m in the fifth operation cycle, after 240 d of geo-temperature recovery, the recovery rate is 0.9090. In contrast, at the larger distance of r = 2 m, the recovery rate is only 0.6830. In addition, it is also possible to establish that, due to the low thermal diffusivity of the soil, the time at which a maximum soil temperature is observed increases as the distance r increases.
Geo-Temperature Recovery Characteristic at Different Distances from the BHE
In practice, depending on the size of the heat pump units and the ground properties, more than one BHE are used, with various geometrical configurations. After a long time of operation, the temperature variations at the various BHEs begin to interact. The soil temperature recovery process in such arrays of BHEs becomes more complex. For this reason, we further analyze the geo-temperature recovery characteristics of the BHE fields from four different aspects-BHE spacing, heat flow rate per unit length, operation strategy, and effect of the groundwater flow. To simplify the calculations, we use the example of an array with nine BHEs in a 3 × 3 grid (Figure 7) . Figure 6 shows the geo-temperature changes at different distances from the BHE, r = 0.06, 0.1, 0.5, 1, 2, and 4 m, for the same depth z = 50 m.The initial and boundary conditions are the same as those in Section 4.1. From Figure 6 it can be seen that, the closer to the borehole wall, the greater the amplitude variation of the soil temperature change, and the faster the soil temperature recovery. For example, at a distance of r = 0.06 m in the fifth operation cycle, after 240 d of geo-temperature recovery, the recovery rate is 0.9090. In contrast, at the larger distance of r = 2 m, the recovery rate is only 0.6830. In addition, it is also possible to establish that, due to the low thermal diffusivity of the soil, the time at which a maximum soil temperature is observed increases as the distance r increases.
In practice, depending on the size of the heat pump units and the ground properties, more than one BHE are used, with various geometrical configurations. After a long time of operation, the temperature variations at the various BHEs begin to interact. The soil temperature recovery process in such arrays of BHEs becomes more complex. For this reason, we further analyze the geo-temperature recovery characteristics of the BHE fields from four different aspects-BHE spacing, heat flow rate per unit length, operation strategy, and effect of the groundwater flow. To simplify the calculations, we use the example of an array with nine BHEs in a 3ˆ3 grid (Figure 7) . 
Effect of BHE Spacing
To explore the effect of BHE spacing on the soil temperature change and heat recovery rate, point D(0.06, 0) from Figure 7 is considered as an example, for inter pipe spacing of Lb = 6, Lb = 8, Lb = 10, and Lb = ∞ m. The calculations for Lb = ∞ are in fact for a single BHE, as the influence of the other BHEs can be ignored. The initial and boundary conditions are the same as in Section 4.1.
The soil temperature changes at a depth of 50 m for different values of the BHE spacing are presented in Figure 8 . As the BHE spacing increases, the interference between the BHEs decreases, the maximum geo-temperature change also decreases, and the heat recovery gets better. Considering the fifth cycle as an example, the temperature change after recovery drops to 6.876, 5.878, 4.932, and 0.964 °C for the four different values of BHE spacing. The heat recovery rates in this case are 0.6069, 0.6200, 0.6556, and 0.9108. Therefore, for long-term sustainability of a multiple BHE system with an unbalanced thermal load, an adequate borehole separation distance is essential. This distance should be coordinated with the load and operation time of the BHE so as to avoid occupying too large of an area. 
To explore the effect of BHE spacing on the soil temperature change and heat recovery rate, point D(0.06, 0) from The soil temperature changes at a depth of 50 m for different values of the BHE spacing are presented in Figure 8 . As the BHE spacing increases, the interference between the BHEs decreases, the maximum geo-temperature change also decreases, and the heat recovery gets better. Considering the fifth cycle as an example, the temperature change after recovery drops to 6.876, 5.878, 4.932, and 0.964˝C for the four different values of BHE spacing. The heat recovery rates in this case are 0.6069, 0.6200, 0.6556, and 0.9108. Therefore, for long-term sustainability of a multiple BHE system with an unbalanced thermal load, an adequate borehole separation distance is essential. This distance should be coordinated with the load and operation time of the BHE so as to avoid occupying too large of an area. 
Effect of Heat Flow Rate per Unit Length
To analyze the influence of the heat flow rate on the geo-temperature change of the BHE fields, the temperature changes at point D(0.06, 0) are considered for five different heat flow rates per unit length: 20, 25, 30, 35, and 40 W·m −1 . The pipe spacing used is 6 m. The effect of ground water flow is ignored in this case. Initial and boundary conditions are same as before.
The calculated results are shown in Figure 9 . At the end of the first cycle, the maximum temperature changes are 8.147, 10.18, 12.22, 14.26, and 16.29 °C, for the five values of the heat flow rates. The heat recovery rate is 0.7695 for all heat flow rates. At the end of the fifth cycle, the maximum temperature changes are 11.66, 14.57, 17.49, 20.4, and 23.32 °C, respectively, and the heat recovery rate is still a constant, but reduced by 19% to 0.6069, compared to the first cycle. It can then be concluded that the heat flow rate strongly influences the soil temperature change, but is inconsequential for the geo-temperature recovery rate. The heat recovery rate depends on the ground conditions, meteorological parameters, and some other factors. 
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The calculated results are shown in Figure 9 . At the end of the first cycle, the maximum temperature changes are 8.147, 10.18, 12.22, 14.26, and 16.29˝C, for the five values of the heat flow rates. The heat recovery rate is 0.7695 for all heat flow rates. At the end of the fifth cycle, the maximum temperature changes are 11.66, 14.57, 17.49, 20.4, and 23.32˝C, respectively, and the heat recovery rate is still a constant, but reduced by 19% to 0.6069, compared to the first cycle. It can then be concluded that the heat flow rate strongly influences the soil temperature change, but is inconsequential for the geo-temperature recovery rate. The heat recovery rate depends on the ground conditions, meteorological parameters, and some other factors.
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Effect of the Operation Mode
Studies show that the operation model significantly affects the coefficient of performance (COP) of the GSHP system. When considering the influence of the operation mode, we must ensure that the heat discharged into the ground is the same for all operation modes, otherwise the comparison is meaningless. For this reason, this section discusses the analysis of the soil temperature changes at 
Studies show that the operation model significantly affects the coefficient of performance (COP) of the GSHP system. When considering the influence of the operation mode, we must ensure that the heat discharged into the ground is the same for all operation modes, otherwise the comparison is meaningless. Figure 10 shows the calculated results for the different operation modes, ignoring the influence of the ground water flow. This figure shows that the greater the heat flow rate, the greater the temperature change of the soil, and the faster the geo-temperature recovery. The reason is that the intermittent operation allows the soil enough time to recover, in contrast to a continuous operation with a low heat flow rate. In addition, excessively high heat flow rates lead to increased outlet temperatures, which impair the COP of the GSHP system. Therefore, when choosing the heat flow rate under intermittent operation, both the geo-temperature recovery and the COP of the GSHP must be taken into account. Figure 10 shows the calculated results for the different operation modes, ignoring the influence of the ground water flow. This figure shows that the greater the heat flow rate, the greater the temperature change of the soil, and the faster the geo-temperature recovery. The reason is that the intermittent operation allows the soil enough time to recover, in contrast to a continuous operation with a low heat flow rate. In addition, excessively high heat flow rates lead to increased outlet temperatures, which impair the COP of the GSHP system. Therefore, when choosing the heat flow rate under intermittent operation, both the geo-temperature recovery and the COP of the GSHP must be taken into account. 
Effect of the Ground Water Flow on the Temperature Changes at Different Locations
In the case of multiple boreholes interacting with the groundwater flow, the interference between the BHEs becomes evident and the temperature changes vary at different locations of the array. In order to investigate the influence of the groundwater flow in this case, the temperature changes at three symmetrical points are analyzed-A (3, 0) , B(0, 3), and C(−3, 0). In these calculations, 
In the case of multiple boreholes interacting with the groundwater flow, the interference between the BHEs becomes evident and the temperature changes vary at different locations of the array. In order to investigate the influence of the groundwater flow in this case, the temperature changes at three symmetrical points are analyzed-A(3, 0), B(0, 3), and C(´3, 0). In these calculations, we assume that the groundwater flux along the x axis is 1 e´7 m¨s´1, the heat flow rate per unit length is 30 W¨m´1, the soil porosity is 0.25, and the pipe spacing is 6 m.
The temperature changes at the three points are shown in Figure 11 for five different cycles. This figure shows that the temperature changes at point B and C increase at a smaller rate compared with the temperature change at point A because the groundwater flow accelerates the diffusion of heat downstream, rendering the geo-temperature change more complex. By comparing the temperature changes at point A in two cases, with and without groundwater flow, at the beginning of the operation, for t < 520 d, the soil temperature change is greater in the presence of groundwater flow, However for t > 520 d, the temperature change rapidly increases in the absence of groundwater flow. Therefore, in the case of a short-term operation, if the BHE fields are arranged improperly, it is possible that the groundwater flow causes damage to the running of downstream BHEs.
It is to be noted that in the case of a long-term operation, the groundwater flow accelerates the geo-temperature recovery process. As an example, in the fifth cycle, the geo-temperature recovery rates at point A with and without groundwater flow are 0.2599 and 0.1740, respectively. 
Effect of Groundwater Flux
Groundwater flux is influenced by the hydraulic gradient and the hydraulic conductivity coefficient. The differences between the hydrogeological conditions and soil properties in different regions can be significant, so that the groundwater flux is different from one place to another. In order to investigate its influence on the geo-temperature recovery rate, we calculate the temperature changes at the BHE fields for five different cycles, for four groundwater fluxes values-0 m·s −1 , 5 e −8 m·s −1 , 8 e −8 m·s −1 , and 1 e −7 m·s −1 . The parameters of the BHEs and the ground are the same as above.
The temperature changes at point D(0.06, 0) are shown in Figure 12 . It can be seen that the greater the groundwater flux, the lower the temperature change and the better the soil heat recovery. 
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The temperature changes at point D(0.06, 0) are shown in Figure 12 . It can be seen that the greater the groundwater flux, the lower the temperature change and the better the soil heat recovery. For example, at the end of the fifth cycle, the temperature changes for the four different values of the groundwater flux are 6.827, 5.817, 4.66, and 3.906˝C. The corresponding heat recovery rates are 0.6076, 0.6494, 0.7011, and 0.7379, respectively. as above.
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Conclusions
In this work we establish the analytical solution for analyzing the geo-temperature restoration performance of the BHE fields, considering the effect of groundwater flow. This is achieved by combining the moving finite line source model with the g-function and the superposition principle. 
In this work we establish the analytical solution for analyzing the geo-temperature restoration performance of the BHE fields, considering the effect of groundwater flow. This is achieved by combining the moving finite line source model with the g-function and the superposition principle. The factors influencing the geo-temperature recovery in the BHE fields are also analyzed. The conclusions of this work are as follows:
(1) Due to the influence of the ground surface and the heat transfer along the borehole, the geo-temperature changes are smaller at the two ends of the BHE compared to the change in the middle. The heat transfer along the borehole significantly influences the geo-temperature restoration rate. Therefore, in the case of long-term operations, the axial effect should be taken into account. (2) Closer to the borehole wall, the amplitude variations of the soil temperature change are greater and the geo-temperature recovery is better. (3) With the increase of BHE spacing, the thermal interference between the BHEs decreases, the maximum soil temperature change is reduced, and the heat recovery improves. Thus, for long-term sustainability of a multiple BHE system with an unbalanced load, adequate borehole separation distance is essential. (4) The heat flow rate significantly influences the soil temperature change, but has no effect on the geo-temperature recovery rate. This rate only depends on the ground conditions, meteorological parameters, and other factors. (5) Compared to continuous operation with a low load, intermittent operation with a higher load performs better. (6) Groundwater flow accelerates the diffusion of heat to downstream. Therefore, if the BHE fields are arranged improperly, the groundwater flow can cause damage to the running of downstream BHE. For a long-term operation, the groundwater flow is beneficial to the geo-temperature recovery process even for downstream BHEs. (7) For a given point in the BHE fields, the greater the groundwater flux, the lower the temperature change and the better the geo-temperature recovery.
